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ABSTRACT 

We describe and discuss the spectral and temporal characteristics of the 
prompt emission and X-ray afterglow emission of X-ray flashes (XRFs) and X- 
ray-rich gamma-ray bursts (XRRs) detected and observed by Swift between De- 
cember 2004 and September 2006. We compare these characteristics to a sample 
of conventional classical gamma-ray bursts (C-GRBs) observed during the same 
period. We confirm the correlation between E°^l-^ and fiuence noted by others 
and find further evidence that XRFs, XRRs and C-GRBs form a continuum. We 
also confirm that our known redshift sample is consistent with the correlation 
between the peak energy in the GRB rest frame (-Epeak) the isotropic radi- 
ated energy (-Eiso), so called the E^^^^-Eiso relation. The spectral properties of 
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X-ray afterglows of XRFs and C-GRBs are similar, but the temporal properties 
of XRFs and C-GRBs are quite different. We found that the light curves of C- 
GRB afterglows show a break to steeper indices (shallow-to-steep break) at much 
earlier times than do XRF afterglows. Moreover, the overall luminosity of XRF 
X-ray afterglows is systematically smaller by a factor of two or more compared 
to that of C-GRBs. These distinct differences between the X-ray afterglows of 
XRFs and C-GRBs may be the key to understanding not only the mysterious 
shallow-to-steep break in X-ray afterglow light curves, but also the unique nature 
of XRFs. 

Subject headings: gamma rays: bursts - X-rays: bursts 



1. Introduction 



Despite the rich gamm a-ray burst (GRB ) sample provid ed by BATSE fe.g. JPaciesas et al. 
1999l :lKaneko et al. Iliooef) BeDDo5^Xfe g..liYontera 1120041') . K onus-W ind fe.g.. luianov et al 
2004h . and HETE-2 fe.g.. lBarraud et al.ll2003l : ISakamoto et al. II2005I ). the emission proper- 
ties of GRBs are still far from being well-understood. In recent years, however, another phe- 
nomenon that resembles GRBs in almost every way, except that the flux comes mostly from 
X rays instead of 7 rays, has bee n discovered and s t udied. This new class o f bursts has been 



dubbed "X-ray flashes" (XRFs; iHeise et all (120031 ): iBarraud et al.l ((20031); ISakamoto et al 



( l2005l )). and there is strong evidence to suggest that "classical" GRBs (hereafter C-GRBs) 
and XRFs are closely-related phenomena. Understanding what physical processes lead to 
their differences could yield important insights into their nature and origin. 



Strohmayer et al.l (119981 ) identified 22 bursts observed by Ginga that occurred between 



March of 1987 and October of 1991, and for which the spectra could be reliably analyzed. 
About 36% of GRBs observed by Ginga had very soft spectra. They noted that these 
bursts resembled BATSE long GRBs in duration and general spectral shape, but the peak 
energie s of the uF,^ spectrum, E°^l^, extended to lower values than those of the BATSE 



bursts ( jPreece et al. 



2OOOI : iKaneko et al. II2OO6I ). iHeise et al.l (120031 ) reported that among 



the sources imaged by the Wide Field Cameras (WFCs) on board BeppoSAX was a class 
of fast X-ray transients with durations less than 1000 s that were not "triggered" (that is, 
detected) by t he Gamma Ray Burs t Monitor (GRBM). This became their working defini- 
tion of XRFs. iKippen et al. I (120031 ) searched for C-GRBs and XRFs which were observed 
simultaneously by WFC and BATSE. They found 36 C-GRBs and 17 XRFs in a 3.8-year 
period. Joint WFC and BATSE spectral analysis was performed for the sample, and they 
found that XRFs have a significantly lower E°]^l^ compared with C-GRBs. They also found 
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that there is no systematic difference between XRFs and C-GRBs in their low-energy photon 
indices, high-energy energy photon indices, or durations. The systematic spectral analysis 
of a sample of 45 HETE-2 GRBs confirmed these spectral and temporal characteristics of 
XRFs. It is worth n oting that nine out of sixteen XRF samples of HETE-2 have E'^l^ < 20 
keV (IBarraud et al.ll2003l : ISakamoto et al. II2005I ). 



A lthough the XRF pr ompt emission properties have been studied, until the launch of 



Swift (IGehrels et al. 



2004 ) , only a handful of X-ray afterglows associated with XRFs were 



reported. iD'Alessio et al.l (120061 ) studied the prompt and afterglow emission of XRFs and 
X-ray-rich GRBs (XRRs) observed by BeppoSAX and HETE-2. They found that the XRF 
and XRR afterglow light curves seem to be similar to those of C-GRBs, including the break 
feature in the light curves. They also invest i gated the o ff-axis viewing scenarios of XRFs 



for the top-hat shaped iet (lYamazaki et a. 



i et JRossI et al. 



2OO2I : IZhang fc Meszaros 



20021. 



20041). the univ ersal power-law shaped 



2OO2I : iLamb et al.ll2005l ). and the Gaussian jet 



( IZhang et al.ll2004l ). and concluded that these models might be consistent with the data. 
Their sample, however, only contains 9 XRFs/XRRs with measured X-ray afterglows. Fur- 
thermore, the data points in the X-ray light curves were not well sampled, so that there 
are large uncertainties in the decay indices and the overall structures of the light curve in 
most cases. Moreover, since the X-ray afterglow observations began > 10^ seconds after 
the trigger, their sample is able to say little about the early afterglow properties, which 
contain rich information that can const rain iet models fo r XRFs. Other XRF theoretical 



models are the inhomogeneous j et model (IToma et a. 



high bulk Lorentz factor shells (IMochkovitch et al 



shock emission from low bulk Lorentz factor shells 



20051) . the internal shock emission from 



2OO3I: iBarraud et a. 



Dermer et al. 



19991: 



20051). the external 



Dermer and Mitman 



20031). and the X-ray emission from the hot cocoon o f the GRB jet if viewed from off-axis 
jMeszaros eraPbood : IWooslev. Zhang, fc Hegei1l2003h . 



Because of t he sophisticated o n-boa rd localization capability of the Swift Burst Alert 
Telescope (BAT; iBarthelmy et al.l (l2005l )) and the fast spacecraft pointing of Swift, more 
than 9 0% of Swift GRBs have an X-ray afterglow observation from the Swift X-Ray Telescope 
(XRT; iBurrows et al.l (l2005al )) within a few hundred seconds after the trigger. Due to the 
fact that BAT is sensitive to relatively low energies (15-150 keV) and also a large effective 
area (~ 1000 cm^ at 20 keV for a source on-axis), BAT is detecting also XRFs and XRRs. 
However, because of the BAT's lack of response below 15 keV, it is very challenging to detect 
XRFs with -E' °^3i. of a few keV which dominated the XR F samples of the BeppoSAX and 
HETE-2 (e.g.. lKippen et al. II2003I : ISakamoto et al. II2005I ). Nonetheless, Swifthas an unique 
capability for studying the detailed X-ray afterglow properties just after the burst for XRFs 
and XRRs with E°]:i^ > 20 keV for the first time. 
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The systematic study of the X-ray emissions of GRBs observed by XRT reveals a very 
complex power-law deca y behavior coiisistinp typically of an iiiitial v ery steep decay (t" with 
-10 <a,< -2) (e.g., 
decay (-1 < < 0), 



O'Brien et al.l l2006l : ISakamoto et al. 1 120071 ) , followed by a shallow 



fol 



20061 : lO'Brien et al.l 12006 

decay {a^ < 



owed by a steeper de cay (—2 ^ as < —1) (e.g., iNousek et al. 



2) fe.g.. IWillingale et al 



Willingale et al.l 120071) . sometimes followed by a much steeper 



20071) and, in some cases (about 50%), overlaid X- 



ray flares (e.g. iBurrows et al.ll2005bl : IChincarini et al.ll2007l : iKocevski et al.ll2007l ). Although 
there is increasing evidence t hat the initial very steep decay cornponen t ai is a tail of the 



GRB prompt emission (e.g., iLiang et al.l l2006l : ISakamoto et al. 1 120071 ). the origin of the 



phase from a shallow 0^2 to a steeper decay (hereafter a shallow-to-steep decay) is still 
a mystery. Moreover, not all GRBs have a shallow-to-steep decay phase in their X-ray 
afterglow light curves. Thus, it is very important to investigate the X-ray afterglow light 
curves of bursts along with their prompt emission properties to find a difference in their 
characteristics between C-GRBs and XRFs. 

In this paper, we report the systematic study of the prompt and afterglow emission of 
10 XRFs and 17 XRRs observed by Swift from December 2004 through September 2006. 
Although the data from Swift BAT is the primary dataset for investigation of the prompt 
emission properties, we also use information from Konus-Wind and HETE-2 as reported on 
the Gamma-ray burst Coordinate NetworlJ^ or in the literature, when available, to obtain 
better constraints on -Epeak- We focus on X-ray afterglow properties observed by Swift XRT 
in this study. In §2, we discuss our classification of GRBs, the analysis methods of the BAT 
and the XRT data, and the selection criteria of our sample. In §3 and §4, we show the results 
of the prompt emission and the X-ray afterglow analysis, respectively. We found distinct 
differences between XRFs and C-GRBs in the shape and in the overall luminosity of X-ray 
afterglows. We discuss the implications of our results in §5. Our conclusions are summarized 
in §6. We used the cosmological parameters of Vt^ = 0.3, = 0.7, and Hq = 70 km s~^ 
Mpc~^. The quoted errors are at the 90% confidence level unless we state otherwise. 



2. Analysis 

2.1. Working Definition of Swift GRBs and XRFs 

The precise working definitions adopted by others who have studied XRFs have tended 
(understandably) to be based on the characteristics and energy sensitivities of the instru- 



^http://gcn. gsfc.nasa.gov/gcn_main. html 



- 5 - 



ments that collected th e data (iGotthelf et al.lll996l : IStrohmayer et al.lll998l : iHeise et al.ll2003 
Sakamoto et al. II2005I ). The effective area of the BAT is sufficiently different fror a these other 



instru ments that none of the definitions previously adopted are quite suitable (IBand 112003 



20061 ). We desire a definition, however, that will correspond to previous definitions so that 
we may reliably com pare the character i stics of the BAT-detected XRF population with those 
from other missions. ISakamoto et al. I (120051 ) defined XRFs in terms of the fiuence ratio S'x(2 
- 30 keV)/^^(30 - 400 keV) and C-GRB s, XRRs, and XRFs were classified according to 
this fiuence ratio. ISakamoto et al. I (120051 ) noted a strong correlation between the observed 
spectral peak energy E^^l^ and the fiuence ratio. They found that the border E°^l^ between 
XRFs and XRRs is 
keV. 



30 keV, and the border E^ll^^ between XRRs and C-GRBs is ^ 100 



In the BAT energy range, a fiuence ratio of S'(25 - 50 keV)/S'(50 - 100 keV) is more 
natural and easier to measure with confidence. We therefore chose our working definition 
in terms of this r atio. In order to ensure that our definition is close to that adopted by 
Sakamoto et al. I (120051). we calculated the fiuence ratio of a burst for which the parameters 
of the Band fimctiorJ^I ( iBand et al.l[l993l ) are Fi = -1, T2 = -2.5, and E°ll^ = 30 keV. These 
values of Fi and of r2 are typical of the distribution s for XRFs, X RRs, and C-GRBs f ound 



by BATS E (iPreece et al. II2OOOI: Kaneko et al. \\200&\ . BeppoSAX ( iKippen et al. Il2003f ) and 



HETE-2 ( ISakamoto et al. II2005I ). The ratio thus found is 1.32. We likewise calculated the 
fiuence ratio of a burst for which Fi = —1, F2 = —2.5, and -Epeak = 100 keV, which was 
found to be 0.72. Our working definition of XRFs, XRRs, and C-GRBs thus becomes: 



S(2b - 50 keV)/^(50 - 100 keV) < 0.72 C - GRB 
0.72 < S(25 - 50 keV)/S(50 - 100 keV) < 1.32 XRR 
5(25 - 50 keV)/5(50 - 100 keV) > 1.32 XRF 



To check the consistency of our definition, we calculated 5(25 - 50 keV) and 5(50 - 100 keV) 
of the HETE-2 sample using the best fit time-averaged spectral parameters reported on 
Sakamoto et al. I (120051 ). The 90% error in the fluences is calculated by scaling the associated 
error in the normalization of the best fit spectral model. As shown in Figur e [H our definition 



is con sistent with the HETE-2 definition of XRFs, XRRs, and C-GRBs (ISakamoto et al. 
2005h . 



^f{E) = KiE^^ exp[-E{2 + Ti)/Ep,,^] it E < (Fi - r2)£;poak/(2 + Ti) and f{E) - K2E^- ii E > 

(ri-r2)-Bpeak/(2 + ri). 



- 6 - 



2.2. Swift BAT Data Analysis 

All the event data from Swift BAT is available through HEASARC at Goddard Space 
Flight Center. We used the standard BAT software (HEADAS 6.1.1) and the latest calibra- 
tion database (CALDB: 2006-05-30). The burst pipeline script, batgrbproduct, was used 
to process the BAT event data. The xspec spectral fitting tool (version 11.3.2) was used to 
fit each spectrum. 

For the time-averaged spectral analysis, we use the time interval from 0% to 100% of the 
total burst fiuence (tioo interval) calculated by battblocks. Since the BAT energy response 
generator, batdrmgen, performs the calculation for a fixed single incident angle of the source, 
it will be a problem if the position of the source is moving during the time interval selected 
for the spectral analysis due to the spacecraft slew. In this situation, we created the response 
matrices for each five second period during the time interval taking into account the position 
of the GRB in detector coordinates. We then weighted these response matrices by the five 
second count rates and created the averaged response matrices using addrmf. Since the 
spacecraft slews about one degree per second in response to a GRB trigger, we chose five 
second intervals to calculate the energy response for every five degrees. 

We fit each spectrum with a power-law (PL) modejf] and a cutoff power-law (GPL) 
modeQ. The best fit spectral model is determined based on the difference in between a 
PL and a GPL fit. If A between a PL and a GPL fit is greater than 6 (Ax^ = Xpl ~ Xcpl 
> 6), we determine that a GPL model is a better representative spectral model for the data. 
To quantify the significance of this improvement, we performed 10,000 spectral simulations 
taking into account the distributions of the power-law photon index in a PL f it, the fiuence in 



the 1 5-150 keV band in a PL fit and the tioo duration of the BAT GRBs (e.g.. lSakamoto et al. 



20081 ) , and determined how many cases a GPL fit gives improvements of equal or greater 
than 6 over a PL fit. We used the best fit normal distribution for the power-law photon 
index centering on 1.65 with a of 0.36. The best fit log-normal distribution is used for the 
fiuence centering on S(15-150 keV) = 10~^'^^ erg cm~^ with a of S(15-150 keV) = 10°-^^ erg 
cm~^. Also, the best fit log- normal distribution is used for the tioo duration centering on tioo 
= 10^'^^ s with a of tioo = 10*^'^^ s. The BAT energy response matrix used in the simulation 
corresponds to an incident angle of 30° which is the average of the BAT GRB samples. We 
found equal or higher improvements in in 62 simulated spectra out of 10,000. Thus, the 
chance probability of having an equal or higher Ax^ of 6 with a GPL model when the parent 



^ f{E) — Kc,o{E I^GkeWy where i^so is the normaUzation at 50 kcV in units of photons cm ^ s ^ keV 
'f{E) = K^oiE/^GkeWY exp(-^(2 + r)/Speak). 
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distribution is a case of a PL model is 0.62%. 



Because of the narrow energy band of the BAT, most of the E°^l^ measured from the 
BAT spectral data are based on a CPL fit, but not on the Band function fit. F or XRFs, we 
apply a constrained Band (C-Band) function method (jSakamoto et al. II2004J ) to constrain 



-^peak- However, there is a systematic problem in the -Epeak values derived by different spectral 



peak 



models. In particular, for the bursts for which the true spectral shape is the Band function, 
there is a known effect that E^^ly. derived from a CPL r aodel fit has a systernatically higher 
value than E^ly. derived from a Band function fit (e.g., iKaneko et al. II2006I : ICabrera et al. 
20071 ). To investigate this effect, we fit all the BAT GRB spectra for which E°ll^ are derived 
only from the BAT data with a Band function with the high-energy photon index fixed at 
r2 to —2.3. Figure [2] shows -Epe^k derived by the Band function fixing r2 = —2.3 and -Epeak 
derived by a CPL or a C-Band function. The E°^l^ values derived by the Band function 
with fixing r2 = —2.3 and by a CPL model agree within errors. Most of E°]^l^ values derived 
by a C-Band function also agree with E°]^l^ derived by the Band function with fixing r2 = 
—2.3 to within errors. Therefore, we conclude that the systematic error in E^^^l^ derived by 
different spectral models is negligible compared to that of the statistical error assigned to 
-^peak derived from the BAT spectral data alone. Note that the BAT spectral data include 
the systematic errors which are introduced to reproduce the canon ical spectrum of the Crab 
nebula observed at various incident angles (ISakamoto et al.ll2008l ). 



To perform the systematic study using the BAT data, we only selected bursts for which 
the full BAT event data are availabl^. 



2.3. Swift XRT Data 

We constructed a pipeline script to perform the XRT analysis in a systematic way. This 
pipeline script analysis is composed of four parts: 1) data download from the Swift Science 
Data Center (SDC), 2) an image analysis to find the source (X-ray afterglow) and background 
regions, 3) a temporal analysis to construct and fit the light curve, and 4) a spectral analysis. 
The screened event data of the Window Timing (WT) mode and the Photon Counting (PC) 
mode are downloaded from the SDC and used in our pipeline process. For the WT mode, 
only the data of the first segment number (001) are selected. All available PC mode data 
are applied. The standard grades, grades 0-2 for the WT mode and 0-12 for the PC mode, 
are used in the analysis. The analysis is performed in the 0.3-10 keV band. The detection 



^We exclude bursts such as GRB 050820A, GRB 051008, and GRB 060218 because of incomplete event 
data. 
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of an X-ray afterglow is done automatically using ximage assuming that an afterglow is the 
brightest X-ray source located within 4' from the BAT on-board position. However, in cases 
where a steady cataloged bright X-ray source is misidentified as an afterglow, we specify the 
coordinates of the X-ray afterglow manually. The source region of the PC mode is selected 
as a circle of 47" radius. The background region of the PC mode is an annulus in an outer 
radius of 150" and an inner radius of 70" excluding the background X-ray sources detected 
by ximage in circular regions of 47" radius. For the WT data, the rectangular region of 
1.6' X 6.7' is selected as a foreground region using an afterglow position derived from the 
PC mode data as the center of the region. The background region is selected to be a square 
region of 6.7' on a side excluding a 2.3' x 6.7' rectangular region centered at the afterglow 
position. The light curve is binned based on the number of photons required to meet at 
least 5(7 for the PC mode and lOcx for the WT mode in each light curve bin. The light curve 
fitting starts with a single power-law. Then, additional power-law components are added to 
minimize of the fit. Complicated structures such as X-ray flares are also well fitted with 
this algorithm. Although our pipeline script fits the XRT light curve automatically for every 
GRB trigger by this algorithm, we excluded the time intervals during the X-ray flares from 
the hght curve data by visual inspections before doing the fit by our method because the 
understanding of the overall shape of the light curve is the primary interest in our study. 
The ancillary response function (ARF) files are created by xrtmkarf for the WT and the 
PC mode data individually. The spectral fitting is performed by xspec 11.3.2 using an 
absorbed power-law modeo for both th e WT and the PC m o de da ta. For an absorption 



model, we fix the galactic absorption of iDickey and Lockmaru (jl990l ) at the GRB location 



and then, add an additional absorption to the model. We use xspec zwabs model for known 
redshift GRBs applying the measured redshift to calculate the absorption associated to the 
source frame of GRBs. The spectra are binned to at least 20 counts in each spectral bin by 
grppha. The conversion factor from a count rate to an unabsorbed 0.3-10 keV energy flux 
is also calculated based on the result of the time-integrated spectral analysis. 



A "pile-up" correction (e.g.. iRomano et al.ll2006l : iNousek et al.ll2006l : lEvans et al.ll2007l ) 



is applied during our pipeline process. It assumes a "pile-up" effect exists whenever the 
uncorrected count rate in the processed light curve exceeds 0.6 counts/s and 100 counts/s 
for the PC and the WT modes respectively. Only the time intervals which are affected by 
the "pile-up" as described in our definition above have corrections applied. Although the 
area of the spectral region affected by pile-up depends on its count rate, the script always 
eliminates a central area within 7" radius for the PC data and a 14" x 6.7' box region for 
the WT data. The count rate derived from the region excluding the central part is corrected 



^wabs * wabs * pegpwrlw or wabs * zwabs * pegpwrlw model in xspec 
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by taking into account the shape of the ARF at an averaged photon energy. The spectral 
analysis is performed using only the data of < 0.6 counts/s for the the PC mode and < 100 
counts/s for the WT mode. 

Two GRBs in our sample, GRB 050713A and GRB 060206 have a background X-ray 
source ~ 25" and ~ 10", respectively, from the position of the afterglow. Since it is difficult 
to exclude the contamination from the very closely located background source, we excluded 
the last portion of the light curves which have a flattening that is very likely due to the 
contamination from the background source. 



2.4. Sample of GRBs 

We calculated the fluence ratio between the 25-50 keV and the 50-100 keV bands derived 
from a PL model using the BAT time-averaged spectrum for all Swift bursts detected between 
December 2004 and September 2006. Then we classified these GRBs using the definition 
described in §2.1. Out of a total of 158 long GRBs, we classified 10 as XRFs, 97 as XRRs, 
and 51 as C-GRBs. The distribution of the fiuence ratio S(25-50 keV)/S (50-100 keV) for 
the 1 58 long GRBs is shown in Figure [31 Similar to the HETE-2 results (ISakamoto et al 



20051 ) . the figure clearly shows that Swift's XRFs, XRRs, and C-GRBs also form a single 



broad distribution. This figure also clearly shows that the ratio of the number of BAT XRFs 



to BA T XRRs is smaller than that of the HETE-2 XRF samples. As discussed in [Band 



(120061 ). the numbers of each GRB class strongly depend on the sensitivity of the instrument. 
This problem becomes more serious for the instruments which do not cover a wide energy 
range, such as the BAT. Thus, we will not discuss the absolute numbers of each GRB class 
in this paper. 

Since the determination of £^peak is crucial for our study, we only select GRBs having 
values for -Ep^^k that can be determined from the BAT data alone or from using the data 
from other GRB instruments {K onus-Wind and HETE-2). Since we can use the C-Band 
function method for XRFs to constrain E'^l^ if the photon index F in a PL fit is much steeper 
than —2 in the BAT spectrum, we select all bursts which have F < —2 at a 90% confidence 
level. We exclude GRB 041224 from our sample because there is no XRT observation. We 
also exclude GRB 060614 because of no r eport on the time-averaged spectral parameters 



by K onus-Wind (IGolenetskii et al.ll2006bl ). Based on these selection criteria, a total of 41 



GRBs are selected, including 10 XRFs, 17 XRRs, and 14 C-GRBs. 
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3. Prompt Emission 



The spectral properties of the prompt emission for our 41 GRBs are summarized in Table 
[H Figure H shows the S{25 - 50 keV)/5'(50 - 100 keV) fiuence ratio verses -Epeak- As seen in 
the figure, E°^l-^ of the BAT GRBs ranges from a few tens of keV to a few hu ndreds of keV. 



This broad continuous distribution of .Epl^fi, i s consistent with the B eppoSAX ( iKippen et al 



20031 ) and the HETE-2 flBarraud et al.ll2003l : ISakamoto et al. Il2005f ) results. The BAT GRBs 
follow well on the curve calculated assuming Fi = —1 and F2 = —2.5 for the Band function. 
The gap in the S'(25 - 50 keV)/S'(50 - 100 keV) fiuence ratio from 0.8 to 1.2 in our sample is 
likely due to a selection effect. Essentially, we selected bursts based on the measurement of 
-^peak XRRs and C-GRBs. This criterion is more or less equivalent to selecting the bursts 
based on their brightness. On the other hand, most of the XRFs were selected based on 
the photon index value in a PL fit (F < —2). This is equivalent to selecting by the softness 
of the bursts. Therefore, there is a different way to distinguish between XRFs, and XRRs 
and C-GRBs. Evidently, as shown in figure [31 there is no such gap in the histogram of the 
fiuence ratios for the BAT GRBs if the whole burst sample has been examined. Therefore, 
we believe that the gap in the fiuence ratio at 0.8-1.2 is due to the way in which we selected 
the bursts. 

In Figure 0, we compare -Epeak ^ GPL fit and the low energy photon indices F for the 



BAT, the HETE- 2 and the BATSE sam ples. For both the HETE-2 fISakamoto et al. 1120051 ) 



and the BATSE ( iKaneko et al. II2006I ) samples, we only plotted GRBs with a GPL model 
as the best representative model for the time-averaged spectrum to reduce the systematic 



differ ences in both F and £^peak ^'^^ to the different choices of spectral models (IKaneko et al 



20061 ). As seen in the figure, the range of F values derived from the BAT data alone are 
consistent with the HETE-2 and the BATSE results. In addition, we have confirmed that 
the F values for XRFs and XRRs (GRBs with E'^ly < 100 keV) cover the same range as for 



G-GRBs (GRBs with El^l^ > 100 keV) (ISakamoto et al. Il2005l l 

The top panel of Figure E] shows -Epeak the 15 - 150 keV fiuence, S( 15-150 keV), for 
the BAT GRBs. We note a correlation between E°^l^^ and S(15-150 keV). For the purpose 
of the correlation study, we assigned the median of the 90% confidence interval to be the 
best fit value of E°]^l^, so that the errors would be symmetric. For cases in which we only 
have upper limits for E°]^l^^, we assigned the best fit values of -Ep^ak t)e the median of 
and 90% upper limit, and we assigned the symmetric error to be half that value. The 
linear correlation coefficient between log[S(15 - 150 keV)] and \og{E^^l^) is +0.76 for a 
sample of 41 GRBs using the best fit values. The best fit functions with and without taking 
into account the errors are \og{E;^l^) = S.SrtoH + (0.33 ± 0.03) log[^(15 - 150 keV)] and 
fog(E, 



obs > 
peak J 



(5.46 ± 0.80) + (0.62 ± 0.14) log[S(15 - 150 keV)], respectively. 
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Since the fluence in the 15 - 150 keV band is not a good quantity to examine the 
correlation with E°^l^ because of its narrow energy range of integration, we also investigate 
the correlation between E°^ly_ and the fluence in the 1 - 1000 keV band, S(l-1000 keV). For 
GRBs which have the measurement of -Epelk by the BAT data alone, we calculate S( 1-1 000 
keV) directly from a spectral fitting process using the Band function. Therefore, uncertainty 
in the spectral parameters in the Band function, especially in the high-energy photon index 
r2 is also taken into account in an error calculation of the fluence. For GRBs for which we use 
Epeak from the literature, we calculated the fluence using the spectral parameters presented 
in the literature, and the error associated in the normalization of the best fit spectral model 
is used to calculate an error of the fluence. If the reported best fit model is a GPL for these 
GRBs, we use r2 = —2.3 to calculate the fluence in the Band function. The bottom panel 
of Figure [6] shows the distribution between E°^l^ and S(l-1000 keV). 

To take into account the errors associated with E°^l^ and S(l-1000 keV) in our calcula- 
tion of the correlation coefficient, we generate 10,000 random numbers assuming a Gaussian 
distribution in E°]^l^ and S( 1-1000 keV) of the central value and the error for each GRB 
in the sample. For GRBs only having the upper limits in -Epeak and/or S( 1-1000 keV), we 
use an uniform distribution to generate the random numbers. Then, we calculate the linear 
correlation coefficient for the 10,000 burst sample in log[ii^pg^]^]-log[S(l-1000 keV)] space, and 
make a histogram of the calculated correlation coefficient. The highest peak and 68% points 
from the highest value of the histogram are assigned as the central value and la interval of 
the correlation coefficient. We investigate the correlation coefficient for 1) GRBs with E°]^l^^ 
from a GPL model (sample A; total 32 GRBs), 2) GRBs with a constrained E°]^l^ from a 
C-Band model and a GPL model (sample B; total 37 GRBs), and 3) all 41 GRBs (sample 
G) to evaluate the systematic effect of E^ly. due to the different spectral models (G-Band 
vs. GPL). The calculated correlation coefficients are +0.50l[5:i^, +0.63l[J:?^, and +0.68l[J:[!^ 
(all in la error) for samples A, B and G respectively. The probabilities of such a correlation 
occurring by chance in each sample size are 3.4 x 10~^ - 2.4 x 10~^, 5.8 x 10~^ - 5.3 x 10~^, 
and 4.1 x 10~^ - 2.3 x 10~^ in the 1 a interval for samples A, B and G respectively. Thus, 
the correlation between -Epg^k and the fluence is still signiflcant even if we use the fluence in 
the 1-1000 keV band, and also take into account the E°^l^ derived by the different spectral 
models. 



The hist ograms of for the Swift/B AT, the HETE-2 fISakamoto et al. 1 120051 ) and 



the BATSE (IKaneko et al. II2006I ) samples are shown in Figure [71 We notice a difference in 
the distributions of -Epeak ^^r the three GRB instruments, especially between the BAT (or 
the HETE-2) and the BATSE distributions. Applying the two-sample Kolmogorov-Smirnov 
(K-S) test to the E^^^ distributions for the BAT and the HETE-2 samples, the BAT and the 
BATSE samples, and the HETE-2 and the BATSE samples, we flnd K-S test probabilities 
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of 0.44, 2.3 X 10 ^, and 4.1 x 10 respectively. Based on these tests, we may conclude that 
the BATSE GRB samples have a systematically higher E^^l^ than the BAT and the HETE-2 
samples. This is probably because not only the BATSE energy range is higher than those 
other instruments but also the current BATSE spectral catalog only cont ains the bright 



GRBs, therefore systematically selecting higher E'^l^^ GRBs in the catalog (iKaneko et al. 



20061). 



Figure El shows E^^l^ and S(15-150 keV) of the BAT, the HETE-2 and the BATSE 
samples. The fiuence in the 15-150 keV band for the HETE-2 and the BATSE samples is 



calculated using the best fit spectral model reported in the catalog (ISakamoto et al 



Kaneko et al. 



2005 



20061 ). The error in the fiuence for the HETE-2 and the BATSE samples is 



calculated by scaling the error in the normalization of the best fit spectral model. As clearly 
seen in the figure, S(15-150 keV) and -Epeak of the BAT GRBs are consistent with both 
the HETE-2 and the BATSE samples. The strong correlation between E'^l^ and S(15-150 
keV) still exists by combining the BAT and the HETE-2 samples. The correlation coefficient 
combining the BAT and the HETE-2 GRBs is +0.685 for 83 samples. The probability of 
such a correlation occurring by chance is < 10^^^. The best fit correlation function between 
-^peak S(15-150 keV) with and without taking into account the errors are \og{E'^l^ = 
2.74^^:^^ + (0.15 ± 0.02)log[5(15 - 150 keV)] and log(E°|?^k) = (4-77 ± 0.63) + (0.52 ± 
0.11) log[5'(15 — 150 keV)], respectively. However, as clearly shown in both Figure [7] and 
m the BAT XRFs are not softer (or weaker) than the HETE-2 sample. This is because of 
the higher observed energy band o f the BAT compared t o that of the HETE-2 Wide-field 
X-ray Monitor (WXM; 2-25 keV) (IShirasaki et al. 1 120031 ). Thus, caution might be needed 



for comparing the BAT and the HETE-2 XRF samples. It is also clear from the figures 
that the E°^l^ distribution of the BATSE sample is systematically higher compared with the 
GRB samples of the HETE-2 and the BAT because of lacking sensitivity below 20 keV for 
BATSE. 



Figure [9] shows the correlation between the peak energy in the GRB rest frame -E'pcak 
(= (1+z) E°^l^J and the isotropic radiated energy Eiso. We calculated -Ep^ak i^iso for the 
nine known redshift GRB^ in our sample using the BAT data (Table [2]). For these GRBs, 
i^iso is derived directly from the spectral fitting using the Band function and integrating from 
1 keV to 10 MeV at the GRB rest frame. E^^ is calculated from based on a GP L fit. 
-^peak -^iso valucs for the remaining Swift GRBs ar e extracted fro m lAmati I (120061 ). The 
values for the pre- Swift GRBs are also extracted from lAmati I (120061 ). Although our sample 
of known redshift GRBs is small, we have confirmed the existence and the extension of the 



''We exclude GRB 060512 because of a less secure measurement of its redshift. 
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E^il,^ - relation to XRFs and XRRs (GRBs with K'^l,. < 100 keV) for the Swift GRBs 



flAmati et aLll2002l : iLamb et aLll2005l : ISakamoto et al. 112004 l2006f ). 



4. X-ray Afterglow Emission 

The spectral and temporal properties of the 41 X-ray afterglows are summarized in 
Tables [3] and H 



Figure [To] is a composite plot of the X-ray afterglow light curves. Figures [TT|, [12], and 
show the light curves in each GRB class. As we subsequently discuss in detail, we find that 
C-GRBs in our sample tend to have afterglows with shallow decay indices at early times 
followed by steeper indices at later times, and that the breaks between these two indices 
occur at about 10^ — lO'' seconds. On the other hand, XRF afterglows show a fairly shallow 
decay index until the end of the XRT observation without any significant break. XRRs in 
our sample were split between these two behaviors, with some manifesting a pattern like the 
XRF sample and others a pattern like the C-GRB sample. 



Figure [14] shows the distribution of best-fit exc ess neutral hydrogen column densities 
Nh over the galactic Nfj ( iDickey and Lockman]|l990l ) and photon indices F in the PC mode 
for our sample of bursts. For known redshift GRBs, the excess Nh is ca lculated in the G RB 
rest frame. Also shown are the BeppoS'y4X values gathered and cited by iFrontera I (120031 ) for 
comparison. There is no systematic differences in Nh and F between either the BAT and 
the pie-Swift GRBs or between the individual classes of the BAT GR Bs. We also confirmed 



a significant amou nt of an excess Nh for most of our sample (e.g. ICampana et al.l 12006 
Grupe et al.lboOTh . 



Figure [15] shows the X-ray temporal index in the 0.3-10 keV band taken 1 day after 
the burst (aiday) plotted against ^'peak 36 burst^. There is a systematic trend in aiday of 
XRFs, in that they are concentrated around —1 and only one sample is steeper than —1.5. 
On the other hand, aiday of XRRs and C-GRBs are much more widely spread. Moreover, 
there might be a hint that XRRs and C-GRBs have a systematically steeper aiday than 
XRFs. The correlation coefficient between aiday and ^'peak has been calculated using the 
same method for which we apply to calculate the correlation coefficient between E°]^l^ and 
the fiuence in the 1-1000 keV band (section 3). We investigate the correlation coefficient 
for 1) GRBs without XRFs and GRB 050717 which is outlier with E^^l^ of 2 MeV (sample 



^We exclude GRB 050124, GRB 050128, GRB 050219A, GRB 050815, and GRB 060923B for this study 
because there are no X-ray data around 1 day after the burst. 
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A; total 26 GRBs), 2) GRBs without GRB 050717 (sample B; total 35 GRBs), and 3) 
all 36 GRBs (sample C) to evaluate the systematic effect due to significantly low or high 
-^pcak values compared with the rest of the samples. We find the correlation coefficients of 
-O.Utom, -0.44+°:°^, and -0.491°;°^ (all la errors) for samples A, B, and C respectively. 
The probabilities of a chance occurrence in each sample size are 7.1 x 10"'^ — 6.7 x 10~^, 
2.0 X 10~^ — 1.9 X 10"^, and 5.9 x lO"'^ — 6.3 x 10~^ in the la interval for samples A, B, and 
C respectively. Therefore, if we include the XRF sample, the correlation between aiday and 
E°^l^ is significant at the >99.98 % level. 

The relationship between the unabsorbed X-ray afterglow flux at 1 day after the burst 
and -Epeak is shown in Figure [161 We calculate the correlation coefficient between the X- 
ray flux and -Epe^k by the same method and also for the same three samples as we used 
in the correlation study between aiday and -Epeak (Figure dS]). The calculated correlation 
coefficients are +0.48+|];[^?, +0.441°;°^, and +0.3ll[5:|]^ (all la errors) for samples A, B, and C 
respectively. The chance probabilities are 3.5 x 10"^ — 8.5 x 10"^, 1.9 x 10^^ — 3.2 x 10"^ and 
1.2 X 10^^ — 3.9 X 10"^ in la interval for samples A, B, and C respectively. Therefore, there is 
no significant correlation between the X-ray flux and E°^l^ if we investigate for the whole 36 
bursts (sample C). However, the correlation becomes significant if we exclude GRB 050717, 
which is an outlier with E°^l^ of 2 MeV. Therefore, there might be a hint of a correlation 
between the X-ray flux at 1 day after the burst and -E'peak- 

Figure [T7] shows the composite X-ray luminosity light curves for the known redshift 
GRBs in our sample. The k- correct ioii^ has been applied to derive the 0.3-10 keV lumi- 
nosities from the X-ray fluxes of each light curve bin using the best fit PL photon index 
of the WT and the PC mode spectra. The time dilation effect of the cosmic expansion is 
taken into account in these light curves. The colors in the light curves are coded in the 
following ways: -Ep^ak < ^6*^ (hereafter, XRFgrc, as XRF in the GRB rest frame), 

100 keV < E^;"ak < 300 keV in green (hereafter, XRRs^c, as XRR in the GRB rest frame), 
and Elll^^ > 300 keV in blue (hereafter, C-GRB^rc, as C-GRB in the GRB rest frame). As 
illustrated in the figure, there are clear separations between XRFgrc, XRRgrc and C-GRBgrc 
in the overall luminosities of the X-ray light curves. XRFssrc have less luminosity by a factor 
of two or more compared to XRRssrc and C-GRBsgrc- Figure [TS] and [12] show the X-ray 
temporal index and the luminosity respectively at 10 hours after the burst in the GRB rest 
frame as a function of -E'peak- seen in the observer's frame (Figure [T5] and [T6|) . there are 
weak correlations between -Ep^ak and the temporal index and the luminosity. The correlation 



^The 0.3-10 keV luminosity, Lo.3_io, is calculated by Lg.s-io = 47rd|^(l + z) ^ ^Fo.3_io, where is the 
luminosity distance, T is the photon index of the XRT spectra (Table [3]) and -Fb.3_io is the observed flux in 
the 0.3-10 keV band. 
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coefficients between -Epg^k ^^id the temporal index, and between E^^^^ and the luminosity at 
10 hours are —0.53 and +0.72 in both samples of 120. The chance probabilities are 0.075 
and 0.008. The global trend in the X-ray luminosity light curve is that XRFssrc have a 
temporal index of a ~ —1 and smaller luminosities at 10 hours after the burst compared to 
those of XRRssrc and C-GRBssrc- 



5. Discussion 

5.1. Characteristics between the prompt emission and the X-ray afterglow 

The results of our analysis strengthen the case that XRFs and long-duration C-GRBs are 
not separate and distinct phenomena, but instead are simply ranges along a single continuum 
describing some sort of broader phenomenon. As Figure H] illustrates, XRFs, XRRs and C- 
GRBs form a continuum in peak energies -Epeak) with XRF E°^l^^ values tending to be lower 
than those of XRRs, which in turn are lower than those of C-GRBs. Further evidence of the 
continuous nature of these phenomena comes from the continuity in the fluences of XRFs, 
XRRs, and C-GRBs, with XRFs tending to manifest lower fluences than XRRs, which tend 
to have lower fluences than C-GRBs. This is illustrated by the correlation between fluences 
and E°^ly. sh own in Figure El W e also confirmed the existence of the extension of the -Epeak" 



Eiso relation (lAmati et al.ll2002l ) to XRFs using our limited sample of known redshift GRBs. 



As we examine the X-ray afterglow properties of XRFs, XRRs and C-GRBs, we note 
that their spectral indices and natural hydrogen column densities show no strong correlation 
to indicate that the spectra of XRF afterglows are distinctly different from those of XRRs 
or C-GRBs. We do, however, note a possible distinction in the shape of the afterglow light 
curves among XRFs, XRRs, and C-GRBs. 

We find that the C-GRBs in our sample tend to have afterglows with shallow decay 
indices ( — 1.3 < a < —0.2) at early times followed by steeper indices (—2.0 < a < —1.2) at 
later times, and that the breaks between these two indices occur at about 10^ — 10^ seconds. 
XRF afterglows, on the other hand, seem to follow a different pattern. They often show a 
fairly shallow decay index (—1.2 < a < 0) until the end of the XRT observation without any 
significant break to a < —1.2. The afterglows of the XRRs in our sample were split between 
these two behaviors, with some manifesting a pattern like the XRF sample and others a 
pattern like the C-GRB sample (Figure [T0l - [T3l) . It is possible that these two patterns form a 
continuum, with the break between shallow index and steep index occurring at later times for 



'We exclude GRB 060927 because there is no X-ray data around 10 hours at the GRB rest frame. 
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XRFs (sometimes after the afterglow has faded below our detection threshold) and at earlier 
times for C-GRBs (Figure [T5l) . There is, however, another possibility that this shallow-to- 
steep decay only exists in high -Epeak GRBs. Furthermore, using our limited known redshift 
GRB sample, we confirmed our findings of the global features of the X-ray afterglows in the 
X-ray light curves in the GRB rest frame (Figure [TBI and [T9!l . Thus, the transition from a 
shallow to steep decay around 10^ — 10^ seconds commonly seen in XRT light curves might 
somehow be related to the -Epeak of its prompt emission (Figure [20]) . Note that, however, 
two C-GRBs, GRB 050716 and GRB 060908, show a relatively shallow decay index without 
breaks up to 10^ — 10^ seconds after the trigger, and thus have the same afterglow behaviors 
as XRFs. 



5.2. Difference in the X-ray afterglow luminosities 



As noted by iGendre et al. I (120071 ) , we also found differences in the luminosity of the 
X-ray light curves measured in the GRB rest frame. The luminosity o f the global X-ray 



l ight curve is brighter when -Epg^k is higher (Figure [T7|) . According to iLiang and Zhang 



( 120061 ). there are two categories in the luminosity evolution of the optical afterglow. They 
found that the dim group (having optical luminosities at 1 day of ~ 5.3 x 10^^ ergs s^^) 



all appear at redshifts 



ower than 1.1. Motivated by their findi ng, we i n vestig ated -Epg^k of 



the iLiang and Zhang I (120061 ) sample using the values quoted in lAmati I (120061 ). We noticed 



that the -Epgak values from their dim group are < 200 keV. The average ^'peak of their dim 
group is 96 keV which would be XRFs^src in our classification. On the other hand, the 
average -Epeak values from the bright group in their sample is 543 keV. Therefore, the trend 
which we found in the overall luminosity of the X-ray light curves might be consistent with 
the optical light curves. However, the break from a shallow-to-steep decay in the X-ray 
light curve which preferentially w e see in C-GRBs is not usually observed in the optical 



band (e.g.. iPanaitescu et al.ll2006l ). These similar and distinct characteristics in the X-ray 



and the optical afterglow light curves, together with the correlation in E^^^^, are important 
characteristics in seeking to understand the nature of the shallow-to-steep decay component 
in the X-ray afterglow data. 



5.3. Understanding the shallow-to-steep decay by geometrical jet models 



There are several theoretical models which explain a shallow-to-steep decay break. 
They are 1) the energy iniection frora the central engine or late time internal shocks (e.g., 
Nousek et aPbood : Izhang et allbood : iGhiselhni etal1l2007l : IPanaitescu 1 120071 ) . 2) the geo- 
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metrical jet models (e.g. Eichler and Granot 2006 : Toma et al. 20061 ). 3) the reverse shock 



fiGenet et aL 1 120071 : lUhm fc Be 



ters of the afterglow (lloka et al 



oborodov 20071 ). 4) time-varying micro-physical parame- 



200 



or 5) the dust scattering of prompt X-ray emission 



( IShao &: Dai 1 120071 ) . Here we focus on the geometrical jet mo dels which have a tight con- 
nection between the prompt and afterglow emission properties. lEichler and Granot I (120061 ) 
investigated a thick ring jet (cross section of a jet in the shape of a ring) observed at slightly 
off-axis from the jet. They can reproduce the shallow-to-steep decay feature in the X-ray 
afterglow with their thick ring jet model with the appearance of an off-axis afterglow emis- 
sion at late times. Because of the relativistic beaming effect in this model, the observer, 
who is observing the ring jet from an off-axis direction, should see a softer prompt emission. 
Therefore, we would expect to see a shallow-to-steep decay in the X-ray light curve more 
frequently for XRFs and rarely for C-GRBs. Our findings contradict this prediction of the 
model. Another jet mode l which can produ ce a shallow-to-steep decay light curve is an 
inhomogeneous jet model (IToma et al.ll2006l ). A shallow-to-steep decay phase of the light 
curve may be produced by the superposition of the sub-jet emissions which are launched 
slightly off-axis from the observer. The prediction of this jet model is that a shallow-to-steep 
decay should co-exist with high -Epg^k GRBs (an observer has to observe the prompt sub- 
jet emission from on-axis), and XRFs will have a conventional afterglow light curve. Our 
results agree quite nicely with this prediction. However, considering the non-existence of a 
shallow-to-steep phase in the optical light curve, it is hard to understand why this shallow- 
to-steep phase only exists in the X-ray band in the framework of these jet models. Further 
simultaneous X-ray and optical afterglow observations along with a detailed modeling of 
afterglows taking into account the prompt emission properties such as -Epeak will be needed 
to solve the origin of this mysterious shallow-to-steep decay feature. 



6. Conclusion 

We have seen that the XRFs observed by Swift form a continuum with the C-GRBs 
observed by Swift and by other missions, having systematically lower fluences and lower 
E°ll^ than C-GRBs. 

We have noted that the X-ray light curves of XRFs tend to follow a different "template" 
than those of C-GRBs. The hght curves of the C-GRB afterglows show a break to steeper 
indices (shallow-to-steep decay) at earlier times, whereas XRF afterglows show no such break. 
This break is evident in the X-ray but not in the optical light curve. Moreover, the overall 
luminosity of XRF X-ray afterglows is smaller by a factor of two or more compared to that 
of C-GRBs. These distinct differences in the X-ray afterglow between XRFs and C-GRBs 



-18- 



are keys to understanding not only the shallow-to-steep decay phase in the X-ray afterglow 
but also the nature of XRFs in an unified picture. 

We have discussed the geometrical jet models based on the trend which we found that 
the shallow-to-steep break in the X-ray afterglow preferentially is seen in the C-GRB sample. 
We concluded that none of the jet models can explain the behavior of a shallow-to-steep decay 
phase observed only in the X-ray afterglow. We also emphasize the importance of having 
simultaneous X-ray and optical afterglow observations along with the characteristics of the 
prompt emission such as E^^l^ to constrain the various geometrical jet models. 
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Table 1. Prompt Emission Properties of 41 Swift Bursts 
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rpBAT* 

-^100 
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SCI 5-1 50 kpVlH 


SR23* 
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^2 
A 


r 


gobs 
peak 




A 


peak 


Mo/Inst* 






XRF 050406 


6.4 


_2 4+0-3 

— 0.4 


13 ±4 


82.7 


_ 


_ 


_ 


_ 


29112 


C-Band 


0.79 ± 0.17 


1.3 ±0.6 


XRF 050416A 


3.0 


-3.1 ± 0.2 


98 ± 17 


58.8 


_ 


_ 


_ 


_ 


1 ^7 + 6 
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3.7 ± 0.4 


2.1 ± 0.6 


XRF 050714B 
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-2.4 it 0.3 


12 ±3 
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— 


— 


— 


— 


27118 


C-Band 


6.0 ± 1.1 


1.4 ±0.5 
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-2.7 ±0.3 
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57.1 


— 


— 


— 


— 


22l?7 


C-Band 


3.5 ±0.5 


1.6 ±0.6 


XRF 050824 


26.6 


-2.8 ±0.4 


9±3 


49.9 


- 


- 


- 


- 


<19 


C-Band 


2.7 ± 0.5 


1.6 ±0.8 


XRF 060219 


65.3 


-2 6+"-'^ 


6 ± 2 


59.6 


- 


- 


- 


- 
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4.3 ±0.8 


1.4 ±0.6 
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12 ±2 


66.7 
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- 
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- 


- 


- 


- 
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- 


- 


- 


- 
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2.2 ±0.3 


1.5 ± 0.4 


XRR 050219B 
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-1.54 ±0.05 


224 ±7 


86.6 


-1.0±0.2 


108+^g 


39+^" 


69.0 






161 ±5 


0.73 ± 0.04 


XRR 050410 


49.5 


-1.65 ± 0.08 


94 ±4 


78.5 


-0.8 ±0.4 




2411^' 


61.3 






42 ± 2 


0.78 ± 0.06 
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1350 
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-1.0 ±0.1 
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0.85 
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- 


- 
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33.8 ± 1.4 
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55.3 




— 


8.3 ±0.4 
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71.5 
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Iv W 


80.5 ± 3.1 
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(=0+21 
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62 ± 1 
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77.2 ± 1.5 
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24.7 


-1.65 ± 0.08 


52 ± 2 


70.4 


-0.9 ±0.4 
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'^-11 


12ll 


57.5 






11.3±0.7 


0.78 ± 0.06 


GRB 050124 


6.0 


-1.47 ±0.08 
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58.7 


-0.7 ±0.4 
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11.9 ±0.7 
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GRB 050128 


30.4 


-1.37 ±0.07 


172 ±7 


59.3 


-0.7 ±0.3 




35+" 


44.8 






50.2 ± 2.3 


0.65 ± 0.05 
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35.1 


-1.31 ±0.06 


123 ±4 
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-0.1 ±0.3 
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4111? 


45.5 






41.1 ± 1.6 


0.62 ± 0.03 


GRB 050326 


41.0 


-1.25 ± 0.04 


216 ±4 


42.1 










201 ± 24 


KW^ 


88.6 ± 1.6 


0.59 ± 0.02 


GRB 050401 


36.8 


-1.40 ±0.07 


231 ±9 


37.1 










132 ± 16 




82.2 ± 3.1 


0.66 ± 0.04 


GRB 050603 


21.4 


-1.16 ±0.06 


289 ± 10 


71.1 










349 ± 28 


KW'' 


63.6 ±2.3 


0.56 ± 0.03 


GRB 050716 


90.1 


-1.37 ±0.06 


72 ±3 


52.5 


-0.8 ±0.3 


123t«i 


13t^ 


39.4 






61.7 ±2.4 


0.65 ± 0.04 
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^100 




PL 
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r 
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^2® 


^obs Mo/Inst* 

peak ' 







GRB 050717 


209.2 


-1.30 ±0.05 


31 ±1 


48.5 










21 ni +1934 


BAT/KW^ 


63.1 ± 1.8 


0.61 ±0.03 


GRB 050922C 


6.8 


-1.37 ±0.06 


247 ±8 


44.9 












HETE^ 


16.2 ± 0.5 


0.65 ±0.03 


GRB 051109A 


45.4 


-1.5 ±0.2 


51 ±6 


63.7 










leilir 




22.0 ± 2.7 


0.7 ±0.1 


GRB 060105 


87.6 


-1.07 ±0.04 


191 ±4 


32.5 










424125 


KW" 


176 ±3 


0.53 ± 0.02 


GRB 060204B 


195.0 


-1.44 ±0.09 


17 ±1 


47.0 


-0.8 ±0.4 




3±2 


38.9 






29.5 ± 1.8 


0.68 ± 0.05 


GRB 060813 


36.7 


-1.36 ±0.04 


155 ±3 


54.1 


-1.0 ±0.2 


168+1^ 


22li 


43.5 






54.6 ± 1.4 


0.64 ± 0.03 


GRB 060908 


28.5 


-1.35 ±0.06 


103 ±3 


50.7 


-1.0 ±0.3 


150li?4 


1511 


44.2 






28.0 ± 1.1 


0.63 ± 0.04 



*in seconds. 

*in 10~* photons cm"^ g— 1 keV~^. 
«in keV. 

tin 10~^ photons cm"^ g-i keV~^. 

tSpectral fitting model used/GRB instrument which reports Epg^k- 
^BAT 15-150 kcV energy flucnce in lO"'^ ergs cm^'^ s^^ with the BAT best fit model. 
*A fluence ratio of S(25-50 kcV)/S(50-100 kcV) derived from a PL fit. 
®The degrees of freedom in a PL fit and a CPL fit are 57 and 56 respectively. 
^Morris et aL 2007;E°^=^ derived from a CPL model. 
^Golenetskii et al. 2006a, GCN Circ. 5113, 
^Golenetskii et al. 2006c, GCN Circ. 5460. 
■*Golenetskii et al. 2006d, GCN Circ. 5518 
^Golenetskii et al. 2005a, GCN Circ. 3152, 
^Golenetskii et al. 2005b, GCN Circ. 3179 
''Golenetskii et al. 2005c, GCN Circ. 3518. 
*Krimm et al. 2007;£;°^^i^ derived from a CPL model. 
^Crew et al. 2005, GCN Circ. 4021. derived from a CPL model. 



^obs 
peak 


derived from 


a 


CPL model. 


^obs 
peak 


derived from 


a 


CPL model. 


^obs 
peak 


derived from 


a 


Band model. 


^obs 
peak 


derived from 


a 


Band model. 


^obs 
peak 


derived from 


a 


Band model for the first episode. 


gobs 
peak 


derived from 


a 


Band model. 



lOGolenetskii et al. 2005d, GCN Circ. 4238. E°lly. derived from a GPL model. 
"Tashiro et al. 2007;E°K derived from a GPL model. 
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Table 2. E^^^-^^ and Eiso derived from the BAT data. The uncertainty is la. 



GRB 


z 


peak 

(keV) 


(10^2 gj.g) 


Instrument 


050401^ 


2.9 


467 ± 110 


41 ±8 


Konus-Wind 


050416A 


0.6535 


281^ 


096+° °^^ 


BAT 


050525A 


0.606 


1311^ 


^•'-'-0.5 


BAT 


050603^ 


2.821 


1333 ± 107 


70 ±5 


Konus-Wind 


050824 


0.83 


< 35 


"J- -'-"-•-0.03 


BAT 


0509220^ 


2.198 


415 ±111 


6.1 ±2.0 


HETE-2 


051109A1 


2.346 


539 ± 200 


7.5 ± 0.8 


Konus-Wind 


060115 


3.53 


2851^^ 




BAT 


060206 


4.048 






BAT 


060707 


3.425 




K 4+2-3 
'-'•^-1.0 


BAT 


060908^ 


2.43 




9 8+^-^ 

-"•0-0.9 


BAT 


060926 


3.20 


< 96.6 


1 1+3.5 
-"-•-L-O.! 


BAT 


060927 


5.6 


47511^ 


14 1+2-3 

-'-^•-'--2.0 


BAT 



^-^peak Eiso valucs from Amati (2006). 

2 The high energy photon index r2 of the Band function is 
fixed at —2.3. 



Table 3. XRT X-ray spectral properties of 41 Swift Bursts 
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- 
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85 


1.4 X 10^ 


< 11 


_2.4+0.8 


9.9/9 


184 


6.4 X ID'S 


5 fi+1-0 
■J-D—O 9 


-2.1 ±0.1 


81.4/100 


XRF 050714B 


157 


219 


-2+1-2 

-\-1.0 


-5-8t°o-6 


34.2/27 


257 
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9 n+1-0 

— 0.8 


-2.8t°i 


21.9/17 


XRF 050819 


147 


202 


< 0.4 


9 Q+0.2 
—0.3 


7.3/10 


239 


6.3 X 10^ 


< 2 


9 9+0.3 


17.7/11 


XRF 050824 


- 


- 


- 




- 


6.2 X 10^ 


2.1 X 10^ 


2 4+1-'^ 


-2.2 ±0.2 


29.4/39 


XRF 060219 


126 


5.7 X 10* 


o 9+6.9 
— 2.9 


< -2.6 


8.3/9 


146 


6.9 X 10"' 


3 2+1-1 
— 0.9 


_o 1+0.4 
— 0.5 


23.4/19 


XRF 060428B 


212 
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0.3 ±0.1 


-2.8 ±0.1 


126.9/121 
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1.0 X 10"^ 


< 0.2 


-1.9 ±0.1 


17.2/30 


XRF 060512 


110 
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13.9/10 
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_1 Q+O-l 

-^•y_o 2 


24.6/15 
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- 


- 






- 
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6.0 X 10^ 




-2 0+'^ * 
^•^-0.5 


2.6/8 


XRF 060926 


66 


875 




_1 9+0-2 


11.4/15 


4.3 X 10^ 


2.8 X lO'^ 


< 40 


1 S+0-2 
— l-o_0.4 


10.0/7 


XRR 050219B 


3.2 X 10=^ 


1.2 X 10-''' 


0.6 ±0.2 


— l.»l_Q Qg 


152.6/161 


9.1 X 10=^ 


3.2 X 10^ 


1 0+"'^ 

— 0.5 


-2.0 ±0.2 


26.6/22 


XRR 050410 


1.9 X 10^ 


7.9 X 10"* 




< -3.3 


28.7/26 


1.9 X 10^ 


9.2 X 10^ 


< 8 


-1 7+0.5 
— 1.0 


23.1/13 


XRR 050525A 


_ 


_ 


— 


_ 


_ 


5.9 X 10^ 


3.0 X 10® 


2±1 


-2.1 ±0.2 


31.8/41 


XRR 050713A 


80 


1.2 X 10* 


2.4 ±0.3 


-2.4ilg;g| 


146.5/166 


4.3 X 10^ 


1.7 X 10"^ 


2.5 ±0.5 


-2.1 ±0.1 


57.6/78 


XRR 050815 


- 


- 


- 




- 


89 


1.8 X 10^ 


< 2 


1 a+0-3 


9.7/11 


XRR 050915B 


150 


6.5 X 10'* 


< 0.5 




53.7/53 


288 


9.6 X 10"' 


< 1 


9 9+0.2 

— 3 


25.7/24 


XRR 051021B 


86 


115 


< 10 


-1.2111 


1.6/2 


258 


5.2 X 10^ 


< 4 


-2.0t°i 


9.1/14 


XRR 060111A 


74 


517 


1.7 ±0.1 


9 00+0.04 
^^*^— 05 


367.6/300 


3.8 X 10^ 


7.6 X 10^ 




-2.2 ±0.2 


33.7/39 


XRR 060115 


121 


5.4 X 10^ 


< 10 


1 S/l+0-08 


78.9/85 


616 


4.6 X 10^ 


< 8 


9 o+O.l 

'^— 2 


21.6/26 


XRR 060206 


64 


3.7 X lO"* 


14l^ 




72.3/79 


1.7 X 10'^ 


3.7 X 10'' 


12+" 

— 10 


-2.0±0-i 


46.5/45 


XRR 060211A 


172 


379 


0.6 ±0.2 


-1.95 ±0.07 


162.1/172 


662 


5.7 X 10"' 


-| ..+0.8 
"■^ — 0.7 


-2.1 ±0.2 


16.2/23 


XRR 060510A 


98 


143 


- 


-3.7 


25.5/8 


2.4 X lO" 


5.7 X 10^ 


< 0.4 


9 r,ct+0.06 

^.UO_Q JQ 


121.1/100 


XRR 060707 


127 


160 


< 6 


1 8+0-2 


6.6/5 


488 


2.8 X 10® 


10 ±7 


-2.1 ±0.1 


33.6/39 


XRR 060814 


163 


5.2 X 10-* 


2.6 ±0.2 


-2.01 ±0.05 


363.1/280 


1.1 X 10^ 


1.4 X 10'' 


3.1 ± 0.3 


-2.33 ± 0.08 


169.6/158 


XRR 060825 


199 


1.1 X lO^ 


< 8 




5.4/4 


92 


5.9 X 10"' 


31^ 


-1.9 + 0.5 


8.9/10 


XRR 060904A 


97 


2.1 X 10^ 


-■-^-o.i 
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255.7/208 


5.4 X 10* 


1.3 X lO'' 
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147 


2.1 X 10^ 


< 37 


-1.8 ±0.2 


6.7/12 


GRB 050124 












1.1 X 10* 


5.0 X 10® 


< 0.8 


l-y-0.3 


13.0/14 


GRB 050128 












4.5 X 10'^ 


9.9 X 10* 


Q 7+0.3 


-2.1 + 0.1 


83.6/82 


GRB 050219A 


112 


5.7 X 10'^ 


'-■"-OA 


-2.1 + 0.2 


50.7/55 


456 


3.2 X 10'' 


< 8 


-i.st-;:! 


6.6/4 


GRB 050326 


3.3 X 10^ 


9.9 X 10-^ 


^^•^-0.6 


-2 n+"-^ 


22.3/25 


5.0 X 10'^ 


5.3 X 10"' 


6+"-'' 


-2.0 ±0.2 


27.3/26 


GRB 050401 


133 


8.5 X 10^ 


14 ±2 


-1.91 ±0.04 


277.1/266 


8.1 X 10^ 


1.1 X 10" 


^1-11 


-2.0 ±0.2 


22.9/25 


GRB 050603 












3.4 X 10* 
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6±4 
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PC 








tgtart 


tstop 




rt 


xVd.o.f. 


tgtart 


tstop 




rt 


x2/d.0.f. 




N 


[s] 


[1021 cm-2] 






[s] 




[1021 cm-2] 






GRB 050716 


105 


7.6 X 10"' 


< 0.1 


_-, O.+0.03 
-^••^^-0.05 


208.9/202 


4.1 X 10'^ 


1.8 X 10"^ 


0.6 ±0.5 


-2.1 ±0.2 


43.3/36 


GRB 050717 


91 


2.7 X 10"' 




-1.5 ±0.1 


110.7/105 


4000 


6.0 X 10^ 


< 2 


-1 5+°-2 


23.6/15 


GRB 050922C 


116 


6.2 X 10* 


< 2 


-2.02 ± 0.07 


107.9/124 


3998 


5.9 X 10^ 


7±3 


9 co+0.07 


60.2/49 


GRB 051109A 


128 


1.7 X 10" 


< 4 


-2.0 ±0.1 


42.9/32 


3.4 X 10^ 


1.5 X 10^ 


5±3 


-2.08 ± 0.07 


130.7/129 


GRB 060105 


97 


4.6 X 103 


1.6 ±0.1 


-1.99 ±0.03 


527.6/496 


1.0 X 10" 


3.8 X 10^ 


1.7 ±0.4 


-2.2 ±0.1 


84.8/94 


GRB 060204B 


103 


1.8 X 10"' 


1.9 ±0.2 


9 90+0. 08 
^•^"-0.09 


122.5/129 


4.0 X lO-'^ 


8.1 X 10^ 


1.3 ±0.3 


9 Q + O.l 

^■•-'-0.2 


54.9/56 


GRB 060813 


85 


7.6 X 10" 


1.1 ±0.4 


-1.88 ±0.08 


167.1/163 


4.1 X 10-^ 


2.6 X 10"' 


1.3 ±0.4 


-2.0 ±0.1 


105.1/102 


GRi3 1)()0<)()8 


80 


l.:i X iO' 


< 8 


-2.3 = 0.2 


18.<)/2(i 


i.2 X lO'' 


i.l X iO'' 


< 11 




13.7/14 



tThe definition of the photon index, F, is based on the spectral model; f(E) = KEi". 



Table 4. XRT X-ray temporal properties of 41 Swift Bursts 



GRB 


^ mi 71 


tmax 

M 




tt'io) 

[s] 


«r(t) 


4^3 i*) 




"3,4 {•) 


xVd.o.f. 


XRF 050406 


170 


1.1 X 10'' 


-1.7±0.3 


4360 


-0.7 ±0.2 


- 


- 


- 


3.8/4 


XRF 050416A 


90 


6.1 X 10** 


-1.6 ±0.8 


200 ± 90 


-0.63 ± 0.04 


- 


7700 ± 110 


-0.86 ±0.03 


86.2/79 


XRF 050714B 


163 


8.3 X 10^ 


-7.2 ±0.7 


270 ± 20 


-1.1 ± 1.5 


- 


4100 


-0.70 ±0.07 


27.1/15 


XRF 050819 


154 


4.6 X 10^ 


-2.2 ±2.0 


190 ± 20 


-5.6 ± 1.0 


0.07 ±0.50 


(2.2 ±0.1) X 10^ 


-1.2 ±0.6 


4.4/5 


XRF 050824 


6550 


2.0 X lO'^ 


-0.4 ±0.1 


(5.9 ± 2.4) X 10-* 


-0.87 ±0.09 


- 


- 


- 


36.6/24 


XRF 060219 


129 


3.9 X lO"' 


-4.8 ±0.8 


280 ± 40 


-0.4 ±0.1 


- 


1700 ± 50 


-1.1 ±0.1 


8.5/7 


XRF 060428B 


212 


6.4 X 10"' 


-4.4 ±0.1 


670 ± 30 


-0.98 ± 0.04 


- 


- 


- 


70.3/61 


XRF 060512 


115 


2.9 X 10^ 


-1.30 ±0.03 


- 


- 


- 


- 


- 


14.1/13 


XRF 060923B 


145 


5820 


-0.60 ±0.07 


- 


- 


- 


- 


- 


6.6/8 


XRF 060926 


192 


2.0 X 10^ 


-0.2 ±0.2 


1500 ± 550 


-1.4 ±0.2 


- 


- 


- 


7.8/8 


XRR 050219B 


3200 


3.1 X 10" 


-1.29 ±0.04 


- 


- 


- 


- 


- 


37.1/28 


XRR 050410 


246 


6.1 X 10^ 


-0.98 ± 0.09 


- 


- 


- 


- 


- 


6.4/4 


XRR 050525A 


77 


2.4 X 10'' 


-0.8 ±0.2 


2590 


-1.53 ±0.06 


- 


- 


- 


29.6/27 


XRR 050713A 


330 


9.2 X 10'' 


-0.18 ± 2.00 


1450 


-1.05 ±0.07 


- 


(4.5 ±0.1) X 10* 


-1.9 ±0.4 


36.6/29 


XRR 050815 


3550 


1.5 X 10^ 


-1.9 ±0.3 


- 


- 


- 


- 


- 


11.3/9 


XRR 050915B 


151 


9.1 X 10^ 


-5.5 ±0.4 


350 ± 35 


-1.6 ±0.4 


-0.4 ±0.2 


(3.4 ± 0.2) X 10* 


-0.9 ±0.2 


33.3/19 


XRR 051021B 


98 


4.8 X 10^ 


-1.9 ±0.1 


3310 ± 1720 


-0.6 ±0.2 


- 


- 


- 


15.4/14 


XRR 060111A 


3810 


7.5 X 10^ 


-0.90 ± 0.04 


- 


- 


- 


- 


- 


27.3/27 


XRR 060115 


122 


3.6 X 10"' 


-4.4 ±0.8 


150 ± 10 


-2.4 ±0.2 


-0.6 ±0.1 


(3.1 ± 1.7) X 10* 


-1.2 ± 0.2 


29.4/30 


XRR 060206 


69 


9.1 X 10^ 


-0.4 ±0.2 


- 


- 


- 


1.1 X 10* 


-1.3 ±0.1 


21.0/12 


XRR 060211A 


186 


5.3 X 105 


-7 ±3 


- 


- 


-2.1 ±0.4 


2960 ±1110 


-0.60 ± 0.09 


72.1/63 


XRR 0605 lOA 


105 


5.3 X 10^ 


-3± 1 


130 ±8 


-0.01 ± 0.06 


- 


5500 ± 640 


-1.48 ±0.04 


161.8/156 


XRR 060707 


207 


2.0 X 10" 


-2.5 ±0.3 


640 ± 100 


-0.4 ±0.1 




(2.9 ± 1.6) X 10* 


-1.1 ±0.1 


34.0/25 


XRR 060814 


78 


1.1 X 10" 


-2.56 ±0.05 


940 ± 55 


-0.29 ±0.05 


-1.06 ±0.06 


(4.2 ± 1.7) X 10* 


-1.39 ±0.07 


197.9/185 


XRR 060825 


108 


4.1 X 10^ 


-0.96 ±0.04 












10.7/7 


XRR 060904A 


83 


1.2 X 10" 


-3.6 ±0.2 


190 ± 80 


-1.1 ±0.1 








40.1/39 


XRR 060927 


93 


1.3 X 10^ 


-0.71 ±0.06 


4400 ± 60 


-1.9 ±0.5 








8.1/13 


GRB 050124 


1.1 X 10^ 


7.9 X 10^ 


-1.6 ±0.1 












14.0/11 


GRB 050128 


240 


7.9 X 10* 


-0.8 ±0.1 


1700 ± 570 


-1.24 ±0.04 








138.7/128 


GRB 050219A 


116 


2.4 X 10" 


-3.2 ±0.3 


256 ± 20 


-0.95 ± 0.07 








28.0/11 


GRB 050326 


3350 


1.9 X 10^ 


-1.70 ±0.05 












15.6/21 


GRB 050401 


136 


7.2 X 10"' 


-0.64 ±0.04 


840 ± 60 


-0.47 ±0.05 




3440 ± 630 


-1.4 ±0.1 


126.6/115 


GRB 050603 


3.7 X 10* 


1.4 X 10" 


-1.7±0.1 












28.5/34 


GRB 050716 


535 


1.6 X 10" 


-1.10 ±0.04 












31.8/34 



Table 4 — Continued 



GRB 


[s] 


tmax 


ai"'(*) 


[s] 


a™(t) 






"3,4 (•) 


xVd.o.f. 


GRB 050717 


93 


5.4 X 10-''' 


-2.0 ±0.1 


320 ± 70 


-1.36 ±0.05 








49.8/49 


GRB 050922C 


119 


5.4 X 10^ 


-0.8 ±0.2 


280 ± 70 


-1.18 ±0.03 




(2.1 ±0.7) X 10" 


-1.8 ±0.2 


188.6/78 


GRB 05 1109 A 


137 


1.5 X lO'' 


-2.9 ±0.2 


2670 ± 300 


-0.9 ±0.2 


-1.12 ±0.07 


(5.2 ± 1.0) X 10'' 


-1.38 ±0.06 


179.5/152 


GRB 060105 


97 


3.7 X 10^ 


-1.18 ±0.06 


199 ±2 


0.78 ± 0.02 


-0.5 ±0.2 


(5.72 ± 0.03) X 10* 


-2.1 ±0.2 


501.5/438 


GRB 060204B 


450 


4.9 X 10^ 


-0.68 ± 0.08 


5170 ± 190 


-0.02 ± 0.80 




6670 ± 910 


-1.51 ±0.09 


44.4/48 


GRB 060813 


115 


1.9 X 105 


-0.66 ±0.05 


1680 ± 380 


-1.22 ±0.04 




(5.0 ± 0.5) X 10* 


-2.6 ±0.4 


150.5/146 


GRB 060908 


85 


9.5 X 10^ 


-0.68 ± 0.06 


875 ± 1 


-1.62 ±0.09 




(1.3 ± 0.7) X 10* 


-0.8 ±0.1 


51.7/51 



*The decay index of the first power-law component. For most of cases, this component corresponds to the very steep decay ai as discussed in §1. 
*The break time of the first component in seconds after the BAT trigger. 

^The post breaJj decay power-law index of the first component. For most cases, this component corresponds to the shallow decay oti as discussed in 
§1. 

*The pre-break decay index of the last component. 

°The breaJf time of the last component in seconds after the BAT trigger. For most cases, this component corresponds to either the shallow decay 02 
or the steeper decay 03, as discussed in §1. 

•The post break decay power-law index of the last component. For most cases, this component corresponds to either the steeper decay 03 or the much 
steeper decay 0:4, as discussed in §1. 
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Fig. 1.— 5'(2-30 keV)/S'(30-400 keV) and 5(25-50 keV)/5(50-100 keV) fluence ratios of 
HETE-2 bursts. The dashed and dash-dotted hnes correspond to the borders between C- 
GRBs and XRRs, and between XRRs and XRFs, respectively. 
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Fig. 2. — The relationship between -Epgak derived by the Band function with a fixed high- 
energy photon index r2 = —2.3 and E°^^ derived by the C-Band function or a CPL model. 
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Fig. 3.— Distributions of the fluence ratio 5(25-50 keV)/5(50-100 kcV) for the BAT (top) 
and the HETE-2 (bottom). The dashed hnes corresponds to the borders between C-GRBs 
and XRRs, and between XRRs and XRFs. 
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Fig. 4.— 5(25 - 50 keV)/5(50 - 100 keV) fluence ratios and E°f^^ values of BAT-detected 
bursts. The dashed hne shows the fluence ratios as a function of E°^l^^ assuming Fi = — 1 
and F2 = —2.5 in the Band function. The dash-dotted lines indicate the boundaries between 
XRFs, XRRs, and C-GRBs (equation (1) in the text). 
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Fig. 5. — Distribution of the low energy photon index T and £^peak ^ CPL modeL The 
samples of BAT, HETE-2, and BATSE are shown in black circles, red squares, and green 
triangles, respectively. 
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Fig. 6. — A plot of the 15 - 150 keV fluence and peak spectral energy E°^l-^ of XRFs 
(red), XRRs (green), and C-GRBs (blue) detected by BAT. The dashed and dash-dotted 
lines are the best fit to the data with and without taking into account the errors, and 
are given by \og{E°^l^) = 3.87+°;?^ + (0.33 ± 0.13) log(5(15 - 150 keV)) and log{E°^l^) = 
(5.46 ± 0.80) + (0.62 ± 0.14) log(^(15 - 150 keV)). Those bursts for which E^^l^ is derived 
from a constrained Band function, a CPL, and the Band function are marked as squares, 
circles, and triangles, respectively. 
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Fig. 7.— Distribution of Epeak for the Sw%ft/BKT, the HETE-2, and the BATSE samples. 
The white, blue and red histograms are Epeak derived by the constrained Band function, a 
CPL model, and the Band function respectively. The left side arrows are Ep^ak with upper 
limits. 
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Fig. 8. — Top: A plot of the 15 - 150 keV fluence and peak spectral energy E°^l^^ for BAT 
(black) and HETE-2 (red) samples. Bottom: A plot of the 15 - 150 keV fluence and peak 
spectral energy E^^l^ for BAT (black), HETE-2 (red) and BATSE (green) samples. The 
dashed and dash-dotted line are the best fit to the BAT and the HETE-2 data with and 
without taking into account the errors, and are given by \og{E^^l]J = 2.74lQ;Qg + (0.15 ± 
0.02) log(^(15- 150 keV)) and log(E°|?^k) = (4.77±0.63) + (0.52±0.11) log(5(15-150 keV)). 
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Fig. 9. — Isotropic equivalent energy, i^iso vs. the peak energy in the GRB rest frame, E^^^^ 
for the known redshift BAT GRBs in this work (red circles), pre- Swift GRBs (black dots) 
and the known redshift Swift GRBs observed by Konus -Wind or HET E-2 (blue triangles). 



The dashed line is the best fit correlation reported by lAmati I (120061 ) (-Epeak — 9^ ^ 

/ ^ \ 0-49 
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V 10^2 ergs / 
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Fig. 10. — A composite plot of the 0.3 - 10 keV fluxes of the X-ray afterglow light curves of 
the XRFs (red), XRRs (green), and C-GRBs (blue) in our sample. 
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Fig. 11. — A composite plot of the 0.3 - 10 keV X-ray afterglow light curves of XRFs. 
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Fig. 12. — A composite plot of the 0.3 - 10 keV X-ray afterglow light curves of XRRs. 
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Fig. 13. — A composite plot of the 0.3 - 10 keV X-ray afterglow light curves of C-GRBs. 
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Fig. 14. — A plot of the best-fit neutral hydrogen column densities Nm and p h oton indices 
r of X-ray afterglows in our sample, along with values taken from iFrontera I (120031 ). The 
values plotted here of the Swift sample are taken from the PC mode spectra. Swift XRFs, 
XRRs, C-GRBs and non-Swift samples are shown in red circles, green squares, blue triangles 
and black dots, respectively. 
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Fig. 15. — A plot of the temporal decay indices measured 1 day after the burst and E°^l^^ 
of XRFs (red), XRRs (green) and C-GRBs (blue). -Epeak values derived from a constrained 
Band function, a CPL, and the Band function are marked as stars, circles, and squares, 
respectively. 
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Fig. 16. — A plot of the X-ray unabsorbed flux measured 1 day after the burst and -Epeak 
of XRFs (red), XRRs (green) and C-GRBs (blue). E^ly. values derived from a constrained 
Band function, a CPL, and the Band function are marked as stars, circles, and squares, 
respectively. 
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Fig. 17. — The composite X-ray luminosity afterglow light curves for known redshift GRBs 
in our sample. GRBs with E^l^^ < 100 keV, 100 keV < E^'^^^ < 300 keV, and E^H^^ > 300 
keV are shown in red, green, and blue, respectively. Tq^""" refers to the BAT trigger time. 
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Fig. 18.- 
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A plot of the X-ray temporal index measured at 10 hours after the burst in the 
frame and -Epeak- 
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Fig. 19.— 
GRB rest 



A plot of the 0.3-10 keV luminosity measured at 10 hours after the burst in the 
frame and -Epeak- 
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Fig. 20. — A schematic figure of XRF and C-GRB X-ray afterglow light curves. C-GRB 
afterglows tend to have a shallow index followed by a steeper index, with a break around 
10^ — 10'^ seconds after the burst. XRF afterglows, on the other hand, tend to have a shallow 
index without a break of significant change in the decay index. Furthermore, the overall 
luminosity of XRF afterglows is factor of two or more less luminous than that of C-GRBs. 



